T extural and morphological features of pyroclasts generated during explosive eruptions represent the first order source of information for eruption and fragmentation mechanisms, since the inner part of active craters, conduits and sub-volcanic systems cannot be directly accessed. The identification of the nature/ origin of the products of an explosive eruption is thus the first and most critical step for defining and quantifying the processes that occur before, during and immediately after an eruption (i.e. magma evolution, degassing, ascent, crystallisation, fragmentation and alteration). Volcanic ash is always present in the products of explosive activity, and it may be easily recovered during the eruption monitoring, from both proximal and distal sites, whatever the intensity of the activity. For this reason, in the recent years, studies on morphology and texture of volcanic ash have been increasingly used to derive indirect information on eruption dynamics, from both past and on-going eruptions [1] [2] [3] [4] . Pyroclasts can be roughly grouped in two categories 5 : (1) juvenile, derived from the explosive disintegration of newly erupted magma; and (2) lithic, derived from erosion, shattering or engulfment of rocks or sediments that host the volcanic system. Juvenile material records in its variability the texture and composition of the complex pre-and syn-eruptive magma changes, whether they are the results of the fragmentation of an intrinsically heterogeneous magma body, or the effects of syn-eruptive modifications of the magma immediately after expulsion into the atmosphere 6 . For low-to mid-intensity basaltic eruptions, the largely preponderant juvenile ash is typically distinguished into two end-members: tachylite fragments, microlite-rich and poorly vesicular, and sideromelane ash, glassy and variably vesicular 7 . For these eruptions, lithic material derived from the fragmentation of pre-existing rocks generally represents only a minor proportion of the total erupted material. The relative proportions of different types of fragments have been often used to interpret eruption dynamics. Hence, the recognition of the variability of the juvenile material is crucial to the correct interpretation of eruptive and magmatic dynamics and kinetics.
Syn-eruptive recycling of pyroclasts may be an additional important process generating textural and compositional modifications of the ash, especially during small scale, long-lasting, pulsatory eruptive activity (Vulcanian, Surtseyan, Strombolian, up to Violent Strombolian eruptions). In this type of activity, a large amount of juvenile material (of different size) ejected during single explosions fall back into the crater area, becoming available for being incorporated and expelled again during the following activity, also during the same eruption 1, [8] [9] [10] (Fig. 1a) . The eruption mixture thus consists both of new fragmented juvenile material and of clasts, with the same composition, ejected during the preceding phases of the eruption, which had fallen back into the crater area and were reincorporated in the erupting mixture. We will refer to this latter type of material as ''recycled clasts''. The direct recognition of the different origin of juvenile vs. recycled fragments is often not straightfor- ward, as they may share similar composition and external shape. However, we suggest that intra-crater recycling may induce changes in the primary features of the juvenile fragments, and that these changes represent a possible source of such a large variability often observed in the erupted material. To date, recycled clasts have been only occasionally detected but not described in detail 1, [8] [9] [10] , and their role and abundance in some eruptions have been possibly underestimated.
Detailed investigation is needed in order to correctly interpret the role, the amount and the origin of each different type of ejected particles. In fact, the recognition of the real amount of the juvenile material ejected during each phase of the eruption, and of its composition and texture, are crucial to estimate the net energy release and the magma history.
In the following, we provide descriptions of the morphological and textural features of juvenile ash clasts emitted during selected midintensity eruptions at four basaltic volcanoes, and we identify some specific characteristics, which are common to all the studied products, and can be related to the effects of intra-crater, syn-eruptive recycling of juvenile fragments.
We focus on the ash-sized fraction because: a) it is rapidly quenched in air during trajectory between the vent and the sampling site, preserving its original textural and compositional features; b) the observation of the ash fraction provides a statistically reliable sample of the whole variability of fragmented material; c) it represents the portion of eruptive mixture that can be easily sampled during volcanic activity, as demonstrated by the monitoring protocols in use at frequently erupting volcanoes 7 .
Agents of clasts modification. Clasts falling back in active crater can be modified by mechanical, chemical (alteration -oxygen, sulphur, acid gases, water) and thermal agents, or by a combination of them.
Post-fragmentation modifications of recycled juvenile fragments have been described for a phreatomagmatic event, and some criteria for recognition were proposed based on vesicularity, morphology and occurrence of mud coatings 8 . The two main types of mechanically induced variations that are effective during recycling are clast fracture and abrasion. Laboratory investigations have also shown that the main mechanically-induced modifications of coarse pumice clasts are rounding and comminution 12, 13 . While no experimental data are available for these effects on ash material, they are probably reduced by the lower inertia.
Chemical alteration acts mainly on the surface of pyroclasts, and it is largely effective also on fine-grained fragments, due to their high specific area. Alteration affects the few nanometres of the most external portion of the clasts 14 , and may range from ash surface acid dissolution, to salt deposition or encrustation, to exfoliation 11, 14 . Exposure of glassy material to volcanic gases results also in the modification of the bulk composition of the external glass, and becomes significant after a few-days-long residence even at ambient temperatures 11 . While chemical alteration of the clasts induced by the magmatic fluids present in the eruptive plume can occur at largely variable temperatures, mainly depending on the position within the column 14, 15 , chemical alteration related to syn-eruptive intra-crater residence always occurs at high temperature conditions. Therefore, clasts undergoing syn-eruptive recycling are possibly subject to both chemically and thermally-induced modifications.
Thermal alteration is particularly important when clasts are recycled within the crater area. Thermal modifications of pyroclasts were experimentally investigated 16 , simulating the effects of recycling by exposing natural primary basaltic pyroclasts in a furnace at temperatures variable from that of the glass transition (T g < 670-690uC) to the eruptive temperature (T e < 1090-1130uC), for different durations (up to 12 hours) and redox conditions. The observed large variety of modifications encompasses groundmass crystallisation and change in matrix glass composition, softening, sintering and welding of clasts, vapour-phase precipitation on external surfaces, colour and shape surface changes, up to subsolidus transformation of some mineral phases. Experimental results 16, 17 also show that thermal effects are poorly significant at temperatures lower than T g , because the glassy structure does not relax and the kinetic of crystallisation is very slow. Similarly, at temperature close to T e , melting of groundmass microlites starts, together with homogenization of glass composition, often resulting in the reset of the previous thermal history 16, 17 .
Methods
Juvenile ash considered in this study was collected from mid-intensity explosive eruptions of generic ''basaltic'' composition and characterised by pulsatory dynamics. In particular, we concentrated on ash grains selected from: a) falling-ash collected during an intense phase of ash forming explosive activity at Mt. Etna study to the tephra of past eruptions, where the uncertainties in the identification of the juvenile material (primary and recycled) can be also biased by the longer exposure to atmospheric agents and pedogenic weathering.
Collected samples were sieved, and few grams in the size range 0.5-1 mm were observed under the binocular microscope for component analysis, and with a scanning electron microscope (SEM) for morphoscopic and textural investigations. Total grain size distribution of mid-intensity basaltic explosive eruptions is generally centred on this class size 21, 22 . This size class also represents the best compromise between the representativeness of the groundmass textural features of erupted magma (clast size is at least one order of magnitude larger than average size of groundmass microlites) and the possibility to capture the internal heterogeneity of the magma (by studying an adequate number of clasts).
Component analysis was performed by separating under the binocular microscope the juvenile particles from lithics and crystals. Relative precision of component percentages is 10% based on three replicates of 100 particle count performed by two different operators.
A number of 30 ash fragments for each component was then characterized at SEM, basing on overall shape, vesicularity, surface morphology and groundmass texture, following 23 . For the definition of terms used in the description of the clast surface (luster, colour, aspect) we refer to terms defined in the Mineral Identification Key section of the Mineralogical Society of America (website). The luster corresponds to the overall sheen of ash surface, not to be confused with its colour. External surfaces can have the sheen of polished metal (METALLIC LUSTER), or that of an unpolished metal pitted by weathering (GLITTER), or it may have the sheen of glass (GLASSY), or may have an opaque surface (i.e DULL) (Fig. 1b) .
Results
As typical of mid-intensity basaltic eruptions, the lithological features of the studied juvenile material are largely variable 2, 3, 7, 23 . For convenience, we grouped the juvenile components of each studied sample into two different classes. Fragments with clearly juvenile, glassy features were named Type A, and the fragments with variably crystallised external surfaces and groundmasses were named Type B (Fig. 1b) .
Type A clasts are similar for the different volcanoes, being characterized by glassy external surfaces, generally free of vapour-phase condensates, secondary minerals or adhering dust. The outlines of Type A clasts are largely variable from spiny (due to the intersection of bubbles with the external surfaces) to fluidal, with smooth external surfaces (Fig. 1b) . Irrespective of the eruption or volcano, Type A clasts are present both as light brown, highly vesicular clasts, and as dark brown, scoriaceous clasts, with larger bubbles and septa. The matrix glass is optically homogeneous and shows a uniform grey level in back-scattered electronic (BSE) images ( Supplementary Fig. S1 online). Groundmass is generally hypohyaline, with mainly rounded bubbles and variable amounts of euhedral microlites, possibly related to degassing-induced crystallisation of magma before fragmentation. Type A clasts closely match the distinguishing features given for sideromelane fragments 3, 7 and then we interpret these clasts as primary juvenile material, not modified successively.
Type B clasts have the same external shape of Type A clasts, and, in some cases (5-10 vol%), show bevelled edges (totally absent in type A) due to abrasion processes. External surfaces range from irregular ( Fig. 2a) to smooth (Fig. 2b,c) and curviplanar (Fig. 2d) , with bubble walls of variable thickness. A large part (30-40 vol%) has a composite surface, with the presence of fluidal and spiny portions in the same clast. An important distinguishing feature from Type A clasts is the wide range of colour gradation of the external surface, from yellow, honey, light-brown to grey, black, dark-brown to orange to red (Figs. 1b; 2e). Surface colour is sometimes inhomogeneous, and its variations can be limited to the bubble rims or is pervasive over the entire surface of the clast. Surfaces can be dull, or can display a metallic luster and glittering (Fig. 1b) . The metallic luster can be present with different intensity on clasts of different colour and it is more intense on smooth surfaces. SEM images show that the external surfaces for the majority (,80 vol%) of Type B clasts have various degrees of alteration/modification, and differ from the primary surfaces of Type A clasts for the presence of wrinkles (Fig. 2c) , cracks (Fig. 2c, f) , flakes or exfoliations (Fig. 2g) . Tiny mounds project above the clast surface, possibly related to nuclei of groundmass crystallisation (Fig. 2h) . In some cases, the presence of adhering dust and vapour-phase sublimates (Fig. 2f) partially hides primary morphologic features. The whole vesicularity is generally lower with respect to Type A clasts, and bubbles are sometimes collapsed, deformed and lined by oxides (Fig. 3a, b) . The groundmass texture of Type B clasts varies from glassy to holocrystalline, with a wide range of crystallinity. BSE images show that crystallinity is often not homogeneous, showing very fine grained (,10 micron) crystal-rich portions coexisting with glassy areas (Fig. 3c) . About 50% of the clasts has a groundmass characterized by scattered spherulites, dendritic or plumose crystallites (Fig. 3d) . In these cases, groundmass is characterized by massively crystallised fine-grained areas coexisting with more scattered, faceted and coarser microlites (.20 micron) (Fig. 3) . When present, dendritic crystals of oxides are generally limited to the most external portion (Fig. 3e) . Often, microphenocrysts and microlites have a continuous oxidized rim (Fig. 3b,d,f) . For their overall features, a large part of Type B clasts strictly resembles the tachylite clasts 7 . Surface luster of the clasts is strictly correlated to groundmass texture. In particular, metallic luster is associated with the presence of abundant crystal nuclei and microlites along the clast surface (rim). Conversely, massively crystallised groundmass is associated with the presence of an external crust, giving a dull luster to the surface ( Supplementary Figs. S2, S3 online) .
Type B clasts show also subsolidus transformations of Timagnetite and olivine. Microphenocrysts of Ti-magnetite exhibit a symplectitic texture (complex intergrowths of minerals) that comprises lamellae exsolution of ilmenite and magnetite (Fig. 3f) . Olivine microlites with alteration textures, characterized by adjacent lamellae of magnetite and pure forsterite, are sporadic, but do occur in Etna 2013 sample (Fig. 3f) .
Component analysis (Table 1) , performed using the binocular microscope, indicates that Type A clasts account for about 12 and While Type A clasts represent magma clasts unmodified after fragmentation, we suggest that the large variability observed in Type B clasts can be the inheritance of magma heterogeneities existing in the magma column before fragmentation (large variability in microlite and bubble contents) or the results of the modification of juvenile clasts after the fragmentation. Hereafter, we will discuss about the different origin of the wide internal variability shown by Type B clasts, trying to distinguish between primary features indicating heterogeneity in the erupting magma, from features related to secondary modifications following clast recycling.
Recycling of Juvenile Ash
Features observed in the Type B clasts will be discussed in terms of the processes that occur during the eruption or during the intracrater recycling. We will pay particular attention to the crystallinity and the groundmass texture, to the relationships between groundmass crystallisation and surface properties of the clasts (luster, colour, texture), and to the meaning of subsolidus transformations in some mineral phases. As stated before, thermal processes are responsible of the largest and most pervasive post-fragmentation modifications. For this reason, the comparison of the natural variability of Type B clasts with the results of experimental reheating of clasts of comparable composition performed at variable T and redox conditions 16, 17 appears to be extremely useful.
Crystallinity. First of all, we totally exclude the notion that crystal nucleation and growth is related to quenching during the ejection (both for type A and B clasts). In fact, at a reasonable quench rate of 20uK s 21 24 for fine grained material and using the fastest feldspar growth rate of 10 26 cm s 21 25 , a net growth of only 0.2 microns between T e and T g will occur. Therefore, microlites in the groundmass of studied clasts are assumed to reflect the response to cooling, or syn-eruptive degassing during magma ascent along the conduit 26, 27 . In this context tachylites, which contain a large amount of microlites, have been quite often associated with the slowly rising and crystallising magma along the margins of the conduit 7 . Lab experiments 16, 17 have shown that reheating of primary, glassy, juvenile fragments, at high temperature, variable redox conditions and P 5 0.1 MPa, can induce the reactivation of the frozen melt (glass), accelerating the chemical and thermal diffusion, and volatile loss. As a general rule, temperature, redox conditions and increasing exposure time control the groundmass crystallisation. During reheating, groundmass crystallisation, revesiculation and cracking of external surfaces occur to restore a new equilibrium state.
Additional information on processes of heating/cooling-induced crystallisation comes from glass industry. Thermal treatment of previously formed glass is in fact a general method for inducing massive crystallisation in the glass in order to produce glass-ceramic. Also in this case, the temperature and duration of the heating process are the most important parameters that control crystal nucleation and growth. The reciprocal role of these parameters can be synthesized in a time-temperature transformation diagram (known as TTT diagram) 28 . In this diagram the minimum dwelling time to induce crystallisation corresponds to a temperature T n < 0.8 T liquidus . Experiments of reheating, carried out at P 5 0.1 MPa on glassy volcanic ash 16 and on crushed lava fragments 17 , confirm that basaltic glass follows the same behaviour of industrial glass, but having a T liquidus of <1250uC and a T n of <1000uC, that broadly corresponds to the nose of the crystallisation field (Fig. 4) . Incomplete degassing of glass containing a slight amount of dissolved volatiles (<0.6 wt.%) 17 entails a shift of the liquidus temperature toward higher values, of about few tens of degrees.
In Fig. 4 , the thermal histories of clasts can be tracked as distinct trajectories possibly intercepting, at different temperatures, the area of massive crystallisation. Experimentally measured relationships between cooling rate and crystallisation demonstrated that melts quenched at high cooling rate (.0.66uC sec 21 ) 18 precipitate less than 5% of crystals. Thus we can infer that ash fragments quenched with comparable cooling rates preserve their original features and can be interpreted as primary juvenile clasts. Conversely, recycling of clasts at T between 700uC and 1100uC induces a variable extent of glass crystallisation, as a function of the temperature. Accordingly, in case of reheating, the amount of groundmass crystals could be used as a proxy for defining the heating temperature interval and duration of recycling processes.
Therefore we cannot exclude that oscillations in the feeding rate can favour the complete degassing of the magma, or that thermal fluctuations can permit the cooling of portions of magma close to the conduit walls. All these processes will induce an increase in crystallinity and heterogeneities in magma columns as those described in type B clasts.
As a result, groundmass crystallisation is a process that may occur under different conditions, which are effective both on the magma before fragmentation, and on the clasts during reheating related to intra-crater recycling. For these reasons we cannot consider the crystal content alone as diagnostic criterion for post-fragmentation ash recycling process.
Groundmass texture. Size and shape of microlites can be considered the main features to discriminate between the dominance of reheating (recycling) and/or crystallisation. Massive, pervasive to patchy nucleation of fine grained microlites (,10 micron), sometimes with spherulitic or plumose shapes, indicates fast growth under high undercooling 27 , as that observed in reheating experiments, where kinetics of crystallisation in an already quenched, cold, glass-bearing particle is reactivated. Conversely, syn-eruptive (slower) cooling and/or degassing-controlled crystal growth will result in skeletal to faceted microlites of variable size (from few tens of microns) 26, 27 . The large variability in textures of microlites and groundmass crystallinity observed in Type B clasts (Fig. 3) suggests the superimposition of both syn-eruptive and reheating-induced groundmass crystallisation.
The occurrence of microlites (mainly oxides) along pre-existing interfaces, such as clast surface, contacts between clasts, or the external surfaces of pre-existing crystals, is observed in both natural samples ( Fig. 3d; Supplementary Fig.S2 online) and products of reheating experiments, performed in oxidizing environments. This is related to heterogeneous, interface controlled, nucleation and growth, and can be considered a clear indication of recycling.
Fe-oxides along rims of plagioclase microphenocrysts and microlites are a common feature observed in the groundmass of Type B clasts. Similar features have been observed in the products of a Violent Strombolian eruption, and were previously attributed to magma oxidation before fragmentation 29 . Despite this, experiments show that minerals rimmed by oxides, or by Fe-rich laths, commonly form in reheated clasts by heterogeneous nucleation under high oxidizing conditions and variable undercooling (750uC , T , 1050uC) 16 .
Surface properties. Properties of the external surface are the primary elements on which Type A and B juvenile clasts can be discriminated. These properties can be easily observed with a binocular microscope even after minimal sample treatment (ultrasound cleaning of a sample aliquot in order to remove adhering dust, when present).
Luster varies in type B clasts from metallic to dull, contrasting with the glassy surface of Type A clasts. In experiments, glassy clasts developed a metallic luster after reheating at temperature between 700 and 750uC, in oxidizing condition 16 . Glitter results from the fine-grained crystallisation of the very external skin (,5 mm) of the clast, and the newly formed microlites cluster into tiny mounds. We suggest that similar thermal (temperature close to T g ) and oxidizing conditions can be present at very shallow depth in the crater area, where the clasts filling the crater depression are in contact with the atmosphere.
Grains with a dull luster are associated with massive crystallisation of the whole groundmass; experimental clast reheating at low redox conditions and intermediate temperature (700-1000uC) resulted in a similar texture. In such conditions, in fact, the glass devitrifies and crystallises, forming mm-sized minerals, clearly visible as a continuous layer on the external surface. Alternatively, dulling of external surface occurred after .1 hour of exposure to volcanic gases, thus promoting the development of an altered external portion 11 . These two processes are difficult to distinguish only with a macroscopic inspection of the clast surface, but can be easily detected looking at polished sections of the clasts, since the above described massive groundmass crystallisation is only produced during reheating.
The colour of the external surface of the clasts depends on glass amount, composition and vesicularity. The colour of Type B clasts is extremely variable, from black to grey to orange-red. Although orange-red clasts are poorly represented in Type B clasts, they are ubiquitous in all sample sets. Reheating experiments showed that surface reddening could result from crystallisation of Fe-bearing phases on the external surfaces, in oxidizing conditions. Experiments also revealed that intense reddening occurs over a short time scale (in the order of an hour) at T . 700uC and in the presence of air, indicating that this feature is not necessarily the result of long lasting alteration processes, but it can be rapidly acquired during intra-crater recycling. The recognition of juvenile material reddened by syneruptive thermal effects is important, as red clasts can be erroneously interpreted as lithic material (lava fragments) affected by hydrothermal alteration.
External surfaces of Type B clasts are in some cases weakly sintered, showing smoothed shapes and newly-formed vesicles. Experiments 16 performed in presence of air indicated that, at low temperature, crystallisation prevailed over sintering, while at lower fO 2 a weak softening of external surfaces was observed, causing sintering of contact surfaces and the formation of microwrinkles on the external, glassy surfaces. Softening and microwrinkling of the external surface, as those recognizable in some clasts from the Etna 2013 sample (Fig. 2c) , are thus a clear indication of recycling.
Subsolidus modifications of minerals. Subsolidus transformation of pre-existing olivine and oxides is a well-known process that indicates alteration under high temperature and oxidizing conditions 30, 31 . Trellis-textures in oxides have been reproduced in experiments at T . 700uC in oxidizing conditions 16 . Experiments also indicated that olivine modification occurs at T . 1000uC, and is substantially absent in the low temperature range (700-750uC), possibly a kinetic effect due to short run times unable to complete the reaction. Similar textures have been reported also in the literature 29, 32, 33 , focused on different products, including Strombolian scoriae, lavas, and angular blocks representing inner portions of the crater zone, and have been interpreted either as processes occurring within the magmatic column (fast change in fO 2 ), or as related to the exposure at high temperature in oxidizing conditions. 16, 17 . Diamonds correspond to the experiments reported in 16 . The black line separates the field of crystallisation (at its right) from that of unmodified glasses. The quenching rate of 1.3uK/s and 0.66uK/s have been extrapolated from results of quenching experiments 17 and represent the slowest cooling rate at which glasses do not crystallise (less than 5% of microlites). T n is the temperature corresponding to the minimum dwelling time, for massive groundmass crystallisation at constant temperature. The fine black arrows indicate the groundmass texture of clasts reheated at corresponding temperature and time conditions. The red arrow number 1 simulates the rapid quenching of ash (20uK/s 24 ), that after fragmentation, fall outside the crater (no recycling). The paths 2 and 3 represent possible trajectories of ash recycled at high and low temperature, respectively. In the ash samples analysed in the present study, these features are present but not ubiquitous and mainly affect oxides. We assert that subsolidus transformations can be also related to recycling, but these effects are strongly dependent on time and temperature of exposure.
Conclusive Remarks and Volcanological Implications
We suggest here that clast recycling in the intra-crater area can induce important morphological and textural changes on juvenile material falling back in the crater during oscillatory explosive activity, and that in some cases a large amount of juvenile-like material results from thermally-induced modifications during intra-crater recycling. During intra-crater recycling clasts acquire distinctive features that comprise a change in colour, a loss of glassy luster and crystallisation of groundmass. The extent of groundmass crystallisation and external appearance are strictly related. In particular, glittering is associated with the incipient, non-pervasive crystallisation of the groundmass that becomes visible as tiny mounds on the surface or isolated microcrystals. Dulling appears when crystallisation proceeds and extends to the whole grain. The transition between these features is related to the time of exposure at high T conditions and thus to the timescale of recycling. We have shown that these diagnostic features can be a very important tool to avoid misinterpretations and inaccurate estimates of eruptive style and intensity.
It is also worth underlining that the recognition of the occurrence and extent of recycling processes has important volcanological implications, considering that:
-juvenile clasts with a microlite-rich groundmass have often been classified as tachylites, and as the result of degassing-related crystallisation of a slowly ascending magma column or plug, with important implications for the interpretation of magma ascent and fragmentation dynamics; -neglecting the effects of clast recycling might result in an erroneous overestimation of the juvenile material participating in a given explosion/eruptive pulse, and hence to the definition of total mass (Magnitude), total amount of volatiles released by the ejected magma, and energy flux (mass flow rate, thermal energy) associated with the eruption; -the misrecognition in some cases of recycled clasts as lithic clasts (for example clasts with a highly oxidized, reddened surface) might lead to overestimation of the role of syn-eruptive erosion of crater walls, or the involvement of phreatic water or hydrothermal fluids into the eruption dynamics.
The recognition of an important amount of syn-eruptively recycled clasts suggests that crater infilling by recycled magmatic debris should be considered in the dynamics of some oscillatory eruptive styles, as this infilling may affect strength and permeability of the top of the magmatic column, indirectly controlling eruption explosivity 10 . Concluding, we believe that the correct identification of the recycling processes is worthwhile during the routine monitoring of volcanic activity, becoming crucial for the evaluation of eruptive scenarios and hazard assessment during the early phases of an eruptive crisis. For these reasons we are also convinced that the use of the proposed diagnostic features should be largely included within best practices for volcano monitoring.
